1. Introduction
===============

Toll-like receptors, TLRs, are a family of evolutionary conserved innate immune recognition molecules that recognize molecular patterns associated with microbial pathogens [@BIB31]. They constitute a first line of defense against a variety of pathogens and play a critical role in initiating the innate immune response. TLR recognition of these specific microbial patterns leads to a signal transduction cascade that generates a rapid and robust inflammatory response marked by cellular activation and cytokine release [@BIB19], [@BIB45].

To date, 10 mammalian TLRs have been identified and each receptor appears to be involved in the recognition of a unique set of microbial patterns [@BIB19], [@BIB51]. For example, TLR 2 recognizes various ligands expressed by Gram-positive bacteria, whereas TLR 3 engages dsRNA and TLR 4 is specific for Gram-negative bacteria lipopolysaccharides (LPS; [@BIB1], [@BIB9], [@BIB26], [@BIB40]). TLR 5, on the other hand, recognizes bacterial flagellin, while TLRs 7 and 8 interact with antiviral compounds and TLR 9 binds bacterial DNA [@BIB3], [@BIB18], [@BIB23]. Recently, TLRs were observed to influence the development of the adaptive immune response presumably through the activation of antigen-presenting cells (APC; [@BIB44]). The most compelling evidence comes from studies on dendritic cells [@BIB2]. It has previously been shown that multiple TLRs are found on dendritic cells. Signaling through these receptors augments antigen presentation by driving cell maturation, up-regulating expression of costimulatory molecules on the cell, and inducing cytokines [@BIB41]. Thus, TLRs may serve as a unique link between innate and adaptive immunity.

The retinal pigment epithelium consists of a single layer of cells of neural ectoderm origin, which lie between the photoreceptors of the neural retina and the blood-rich choroid. These vitally important cells phagocytize the shed discs from the photoreceptor outer segments, recycling their components, such as retinoids. Additional functions of this monolayer of cells include the transport of nutrients from the choroid into the retina and the transport of waste in the reverse direction. This cell also adsorbs light and provides adhesive properties for the retina [@BIB6], [@BIB7].

The retinal pigment epithelial (RPE) cell also plays a key role in a variety of retinal pathologic processes. Inherited retinal degenerative diseases can be associated with mutations of RPE cellular genes [@BIB20], [@BIB33], [@BIB34]. Moreover, degenerative diseases, such as age-related macular degeneration and diabetic retinopathy, can be associated with early damage to the RPE cell [@BIB8], [@BIB29]. In addition, a variety of in vivo and in vitro studies have identified this cell as an ideal target for infectious agents such as cytomegalovirus (CMV), *Toxoplasma gondii* and coronavirus [@BIB13], [@BIB14], [@BIB21], [@BIB38], [@BIB39]. Furthermore, this cell is a rich source of cytokines, chemokines, and growth factors that may contribute to or limit pathologic processes [@BIB11], [@BIB32]. Recently, the RPE cell has been shown to play a pivotal role in the immune system. It has been demonstrated that interferon-γ (IFN-γ) treatment up-regulates the expression of both MHC class-I and -II molecules on RPE cells [@BIB42]. Moreover, RPE cells have been reported to act as APC in the retina [@BIB42]. Hence, RPE cells can incorporate pathogens, produce a variety of cytokines, and present pathogen-derived peptides to sensitized T cells. This finding, that RPE cells function as APC in the retina, extends the activities of this cell beyond its participation as a first line defense cell and underscores its important role in adaptive immunity. Therefore, based on these observations, it was of interest to further define the role of this epithelial cell in innate and adaptive immune responses within the retina.

To date, there is no information about the presence of TLRs within the retina. The results of this study demonstrate that RPE cells do indeed constitutively express distinct types of TLRs and that their expressions are modulated in the presence of dsRNA and cytokines. TLR 3 is a receptor for dsRNA, and dsRNA is a common replication intermediate for many viruses. Moreover, TLR 3 has been described as a specific TLR because it displays the most restricted cellular expression pattern [@BIB24]. Because TLR 3 gene expression was identified in RPE cells and because the RPE cells are a site of replication for both RNA and DNA viruses, we further investigated TLR 3 signaling in these cells. Our data suggest that the binding of poly I:C, an analog of dsRNA, to TLR 3 on human RPE cells resulted in the production of IFN-β and other cytokines, chemokines, and adhesion molecules. Thus, TLR 3 signaling within the retina may provide additional protective molecules to mediate viral infections.

2. Materials and methods {#SEC1}
========================

2.1. Cells and reagents
-----------------------

Affinity purified, monoclonal, antihuman TLR 2 and TLR 3 antibodies were purchased from Imgenex (San Diego, CA) while antihuman TLR 4 (HTA 125) antibodies were purchased from *eBiosciences* (San Diego, CA). Polyclonal antibodies to TLR 3 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), LPS (*Salmonella typhosa*), poly I:C, and poly dI:dC were purchased from Sigma (St Louis, MO). The recombinant human (IFN-γ) and IFN-β were procured from Roche Molecular Biochemicals (Indianapolis, IN). RNA STAT-60 was obtained from Tel-Test (Friendswood, TX). Minimal essential media (MEM), fetal bovine serum (FBS), penicillin/streptomycin/fungizone, nonessential amino acids, and normal horse serum (NHS) were purchased from Life Technologies/Gibco (Gaithersburg, MD). GeneAmp RNA PCR kits and Taqman reagents were obtained from Perkin Elmer (Branchburg, NJ).

Human RPE cell cultures were prepared from donor eyes and grown in MEM supplemented with 10% FBS, nonessential amino acids, and penicillin/streptomycin/fungizone in a 5% CO~2~, humidified 37 °C incubator. Characterization of these cells has been described previously [@BIB28], [@BIB36], [@BIB37] Briefly, these cells demonstrated a hexagonal morphology when grown to confluence and formed monolayers with distinct intracellular boundaries. Homogeneity of the cultures was established by positive immunostaining with monoclonal antibodies to cytokeratin, an epithelial cell-specific cytoskeletol protein. For the experiments described in this paper, human RPE cultures, at passages 7 to 12, were used. A human monocyte cell line, U937, was grown in an RPMI-1640 medium supplemented with 10% FBS (ATCC, Manassas, VA).

2.2. Analysis of TLR gene expression in human RPE by RT-PCR
-----------------------------------------------------------

Total RNA prepared from confluent monolayers of human RPE cells and from suspension cultures of U937 was used to evaluate the constitutive expression of TLR mRNA. To study the effects of TLR activators, human RPE cells were washed with serum-free media (SFM) and incubated in SFM for 12 h in the presence of poly I:C (100 μg/ml ), LPS (5 μg/ml), or IFN-γ (100 U/ml). Total RNA was prepared from the cell cultures by using the RNA STAT-60 extraction solution. One μg of total RNA was used for each RT-PCR reaction. The RT-PCR procedure was performed using an RNA PCR kit (Perkin-Elmer) according to the manufacturer\'s instructions. PCR products were separated by gel electrophoresis, photographed under UV light, and integrated with an image acquisition system (Eagle Eye, Stratagene, San Diego, CA). The following primer pairs were used for the analysis of TLRs, costimulator molecules, and GAPDH by RT-PCR: TLR 1 (219 bp) 5′-CTATACACCAAGTTGTCAGC-3′ and 5′-GTCTCCAACTCAGTAAGGTG-3′; TLR 2 (346 bp) 5′-GCCAAAGTCTTGATTGATTGG-3′ and 5′-TTGAAGTTCTCCAGCTCCTG-3′; TLR 3 (304 bp) 5′-GATCTGTCTCATAATGGCTTG-3′ and 5′-GACAGATTCCGAATGCTTGTG-3′; TLR 4 (506 bp) 5′-TGGATACGTTTCCTTATAAG-3′ and 5′-GAAATGGAGGCACCCCTTC-3′; TLR 5 (437 bp) 5′-TAGCTCCTAATCTGATG-3′ and 5′-CCATGTGAAGTCTTTGCT GC-3′; TLR 7 (388 bp) 5′-TCTACCTGGGCCAAAACT GTT-3 and 5′-GGCACATGCTGAAGAGAGTTA-3\'; TLR 8 (443 bp) 5′-GCCAGCGAGTCTCACTGAACT-3′ and 5′-GCCAGGGCAGCCAACATA-3′; TLR 9 (259 bp) 5′-GTCCCCACTTCTCCATG-3′ and 5′-GGCACAGTCATGATGTTGTTG-3′; CD14 (426 bp) 5′-CTCAAC CTAGAGCCGTTTCT-3′ and 5′-CAGGATTGTCAGACAGGTCT-3′; MD2 (359 bp) 5′-TATTGGGTCTGCAACTCA T-3′ and 5′-CTCCCAGAAATAGCTTCAAC-3′; GAPDH (600 bp) 5′-CCACCCATGGCAAATTCCATGGCA-3′ and 5′-TCTAGACGGCAGGTCAGGTCCACC-3′ [@BIB17], [@BIB23], [@BIB25], [@BIB3], [@BIB48].

2.3. Real time (Taqman) analysis of TLR gene expression
-------------------------------------------------------

Total RNA was prepared from quiescent RPE and U937 by using an RNA STAT-60 reagent. Quantitative RT-PCR analysis of TLR in RPE and U937 was performed on an ABI Prism 7700 (Applied Biosystems, Foster City, CA) by using Taqman master mix reagent kits according to the manufacturer\'s instructions. FAM-labeled Taqman probes and primers for human GAPDH and Toll-like receptors 1--10 (Assays-on-Demand gene expression products) were obtained from Applied Biosystems. Standard curves were generated to GAPDH and TLRs 1 to 10 by ten-fold serial dilutions of RPE and/or U937 RNA. RNA samples were analyzed in triplicate under similar conditions as those of the standards in the same 96-well plates for 40 cycles. Fluorescence intensities obtained for the samples were used to calculate relative fluorescence units by normalizing to GAPDH fluorescence intensities. Results are expressed as relative fluorescence units of TLRs 1--10 mRNA levels in RPE and U937 cells.

2.4. Immunofluorescent staining of RPE cells for TLRs 2, 3, and 4
-----------------------------------------------------------------

The RPE cells were seeded onto Lab-Tek tissue culture chamber slides (Nalge Nunc International, Naperville, IL). After 24 h, the cells were washed with SFM and stimulated with media, poly I:C (100 μg/ml), LPS (*S. typhosa*, 5 μg/ml), or with IFN-γ (100 U/ml) for 24 h. The slides were then fixed in equal parts of acetone/methanol and stored at −20 °C until analyzed. The slides were washed twice with PBS for 5 min and then treated with 10% NHS in PBS for 1 h at room temperature. The slides were overlaid with primary mouse antihuman TLRs 2, 3, or 4 monoclonal antibodies (20 μg/ml in PBS with 10% NHS) or with mouse IgG (control) and incubated for 1-h followed by five washes in PBS containing 1% NHS. Cells were then incubated for 1 h with biotin-labeled horse antimouse IgG (H+L; Vector Laboratories, Burlingame, CA). The cells were washed again five times as described previously. FITC-labeled streptavidin (20 μg/ml) was added and the cells were incubated for 30 min in the dark (Vector Laboratories). The slides were then washed twice, mounted, and examined with a fluorescent microscope.

2.5. EIA assays for cytokines, chemokines, and adhesion molecules
-----------------------------------------------------------------

RPE cultures were grown to confluence in 24-well dishes. Cultures were washed with SFM and incubated in the presence of various concentrations of poly I:C or poly dI:dC for 24 h at 37 °C. Supernatants were collected and stored at −70 °C until analyzed. The concentration of IL-6, IL-8, MCP-1, sICAM-1, IFN-α, and IFN-β in the cell culture supernatant fluids was determined by EIA. The assay was performed according to manufacturer\'s instructions (Quantikine EIA kits, R&D Systems, Minneapolis, MN). The data were analyzed using the VERSAmax data analysis program (Molecular Devices, Sunnyvale, CA). Results from two representative experiments are presented as the means±S.D. of triplicate cytokine measurements.

2.6. Neutralization of poly I:C effects on RPE by TLR 3 antibody
----------------------------------------------------------------

RPE cultures were grown to confluence in 24-well plates in 10% FBS media. Media were removed and replaced with serum free media (SFM). After 4 h, media were removed and replaced with fresh SFM (1 ml per well) and polyclonal antibody to TLR 3 (10 ug IgG/ml). After a 1-h incubation at 37 °C, poly I:C was added to the wells to obtain a final concentration of 2 or 20 ug/ml. The cultures were further incubated for 24 h and culture supernatants were collected. The levels of secreted IFN-β were determined by EIA.

2.7. IFN bioassay: vesicular stomatitis virus plaque inhibition
---------------------------------------------------------------

RPE cultures were grown to confluence in 24-well plates. The cultures were washed and incubated for 20 h with serial ten-fold dilutions of recombinant human IFN-β or with media. The monolayers were washed and challenged with approximately 100 plaque-forming units (pfu) of vesicular stomatitis virus. One hour later, the virus inoculum was removed and the cells were washed and refed with 1 ml of MEM containing 0.75% methylcellulose and 2% FBS. After a 24-h incubation at 37 °C, the overlay medium was removed, the cells were fixed with ethanol and stained with Giemsa\'s solution, and the viral plaques were counted.

3. Results
==========

3.1. Constitutive expression of TLRS on human RPE and human monocytes
---------------------------------------------------------------------

Preliminary studies using RT-PCR analysis indicated that human RPE cells contained detectable amounts of mRNA for TLRs 1, 2, 3, 4, and 5. U937 cells are a human monocyte cell line that was used as a control. U937 cells contained detectable levels of mRNA for TLRs 1, 2, 4, 5, 7, and 9. TLR 3 mRNA was barely detected in the U937 cells. In contrast, TLR 3 mRNA was highly expressed in human RPE cells. Moreover, mRNA for two coreceptors for TLRs, CD14, and MD2 were detected in human RPE whereas the U937 cells expressed only CD14.

In order to more accurately define the constitutive expression of TLRs, we analysed mRNA obtained from the two cell types using real time RT-PCR analysis. As shown in [Table 1](#TBL1){ref-type="table"} , real time RT-PCR analysis of RPE cells revealed the constitutive expression of varying levels of mRNA for TLRs 1, 2, 3, 4, 5, 6, 7, 9, and 10. TLR 8 was not detected and low levels of expression were noted for TLRs 2, 4, 7, and 9. TLRs 1 and 3 were the most highly expressed TLRs in RPE cells. When compared to U937 cells, RPE cells contained 42 times more mRNA for TLR 3.Table 1Real Time PCR analyses of TLR mRNA expression in RPE and U937 cellsTLRRelative fluorescence intensitiesRPE cellsU937 cellsFold difference[a](#TBLFN1){ref-type="table-fn"} (RPE/U937)TLR 181,28017,5415× (+)TLR 2196883644× (−)TLR 326,89764442× (+)TLR 486819,06622× (−)TLR 524,30379833× (+)TLR 621,26820,2101× (+)TLR 7133612,93910× (−)TLR 8000TLR 9121113,85611× (−)TLR 10770010,9151× (−)[^1][^2]

3.2. Modulation of TLR gene expression by poly I:C
--------------------------------------------------

We next wanted to determine if poly I:C (dsRNA) treatment altered TLR gene expression in RPE cells. The effect of poly I:C treatment on TLRs 2, 3, and 4 gene expressions in RPE cells is shown in [Fig. 1](#FIG1){ref-type="fig"} . NIH image analysis of this data indicated that poly I:C treatment increased gene expression of TLR 2 by 19%, TLR 3 by 59%, and TLR 4 by 68%. Gene expression for the coreceptors, CD14 and MD2, was also evaluated. Poly I:C treatment had no effect on CD14 and MD2.Fig. 1Modulation of TLR 2, TLR 3, and TLR 4 expression in human RPE cells by poly I:C. RPE cultures were grown to confluent monolayers in 100-mm dishes and incubated without (untreated) or with poly I:C (100 μg/ml) for 24 h. The procedure for total RNA preparation and RT-PCR is described in the [Materials and methods](#SEC1){ref-type="sec"} section. RNA (1 μg) was used for each RT-PCR reaction. The sequences of the PCR primers and the expected sizes of PCR products are given in the [Materials and methods](#SEC1){ref-type="sec"} section. All PCR reactions were subjected to 30 cycles. The results shown are from one representative experiment.

3.3. Detection of TLR protein on RPE cells by immunofluorescent staining
------------------------------------------------------------------------

RPE cells propagated on culture slides were exposed to media alone or media containing poly I:C (100 μg/ml) or IFN-γ (100 U/ml; [Fig. 2](#FIG2){ref-type="fig"} ). After 24 h, the cells were washed and fixed with equal volumes of acetone and methanol and reacted with normal mouse IgG or with antibody directed to TLRs 2, 3, or 4. Staining was not observed in cells treated with normal mouse IgG (control). The intensity of TLR 2 reactivity was weak on untreated RPE cells, but this was enhanced by pretreatment with poly I:C or IFN-γ (data not shown). Intensity of TLR 3 reactivity was moderate in untreated RPE cells. This intensity was enhanced with poly I:C [(Fig. 2A and B)](#FIG2){ref-type="fig"} or IFN-γ. Intensity of TLR 4 reactivity was moderate on untreated RPE cells but was augmented following pretreatment with IFN-γ [(Fig. 2C and D)](#FIG2){ref-type="fig"} or with poly I:C. These data demonstrate that RPE cells express varying amounts of TLRs 2, 3, and 4 and that these receptors can be modulated by selected TLR activators. The pattern of staining for TLR 3 and TLR 4 in RPE cells was different. TLR 3 staining appears dispersed throughout the cytoplasm whereas TLR 4 staining appears to be more localized at the cell boarders.Fig. 2Immunofluorescent staining for TLR 3 and TLR 4 in RPE cells. Staining reactivity for TLR 3 is shown in untreated cells (A) and in cells treated for 24 h with poly I:C (100 μg/ml; B). Staining reactivity for TLR 4 is shown in untreated cells (C) and in cells treated for 24 h with IFN-γ (100 U/ml; D).

3.4. Induction of IFN-β by poly I:C-treated RPE cells
-----------------------------------------------------

TLR 3 has only been detected on a limited number of cell types and recent studies indicate that TLR 3 is a receptor for dsRNA produced by viruses. Moreover, dsRNA binding to TLR 3 on the cell surface results in the production of type-1 IFNs. Therefore, we next investigated the possibility that treatment of RPE cells with synthetic dsRNA, poly I:C, would induce IFN. RPE cells were treated with varying concentrations of poly I:C or with poly dI:dC (50 mU/ml). Poly dI:dC is a synthetic double-stranded polydeoxyinosine/deoxycytosine (dsDNA) and is used as a negative control for poly I:C (dsRNA). The cells were incubated for 24 h and supernatant fluids were collected and assayed for IFN-α and IFN-β by EIA. As seen in [Fig. 3A](#FIG3){ref-type="fig"} , poly I:C induced IFN-β in a dose-dependent manner. IFN-α was not detected in these samples or in untreated cells. Moreover, cells treated with poly dI:dC did not release IFN-α or IFN-β.Fig. 3Secretion of IFN-β by human RPE cells (A) and antiviral activity of IFN-β (B). (A) Human RPE cell monolayers were grown to confluence. Cultures were washed with SFM twice and incubated in the presence of various concentrations of poly I:C or poly dI:dC for 24 h. The culture supernatants were collected and analyzed for IFN-α and -β by EIA. Results from three experiments conducted in duplicate are presented as the means±S.E. (B) Human RPE cultures were grown to confluence and were infected with Vesicular Stomatitis Virus (VSV) as described in the [Materials and methods](#SEC1){ref-type="sec"} section. After 24 h, cultures were fixed and stained with Giemsa, and the plaques were counted. The data are presented as the means±S.E. of triplicate cultures obtained from a representative experiment.

Because we have shown that RPE cells can produce IFN-β, we next wanted to determine if IFN-β was biologically active on RPE cells. Cell cultures were treated with varying concentrations of recombinant human IFN-β. After incubation for 24 h, cells were challenged with approximately 100 pfu of VSV. Virus replication in RPE was evaluated by plaque assay. As seen in [Fig. 3B](#FIG3){ref-type="fig"}, RPE cells were sensitive to the antiviral action of IFN-β. One unit of IFN-β inhibited VSV by 80%, whereas 10 and 100 units inhibited virus replication by 90 to 95%.

In order to evaluate the specificity of the poly I:C induction of IFN-β through TLR 3, we next performed antibody inhibition assays. RPE cells were pretreated with anti-TLR 3 antibody for 1 h and were then incubated with poly I:C for 24 h. Supernatant fluids were harvested and then analyzed for the presence of IFN-β. As seen in [Fig. 4](#FIG4){ref-type="fig"} , treatment with 2 or 20 ug of poly I:C induced 19.9±1.7 and 20.1±2.05 units of IFN-β, respectively. Pretreatment of the cells with anti-TLR 3 antibody reduced the levels of IFN-β produced to 3.7 and 0.17 (*P*\<0.0001).Fig. 4The effect of anti-TLR 3 antibody on poly I:C-induced IFN-β production in RPE cells. RPE cell cultures grown to confluence were washed with SFM and incubated with media or anti-TLR 3 antibody (10 ug/ml) for 1 h. Then, poly I:C was added to the appropriate wells to give a final concentration of 2 or 20 ug/ml. After 24 h of incubation, supernatant fluids were collected and the concentration of IFN-β was determined by EIA. Results presented were obtained from one representative experiment with quadruplicate samples.

3.5. Evaluation of poly I:C treatment of RPE cells: cytokines, chemokines, and adhesion molecules
-------------------------------------------------------------------------------------------------

We next investigated whether poly I:C treatment of RPE cells resulted in the modification of additional cellular functions such as the production of cytokines, chemokines, and adhesion molecules. RPE cells were incubated with varying concentrations of poly I:C for 48 h. The supernatant fluids were collected and evaluated by EIA for IL-6, IL-8, MCP-1, and sICAM-1 production. As seen in [Fig. 5A--D](#FIG5){ref-type="fig"} , supernatant fluids from untreated RPE cells did not contain IL-6 or IL-8 and only very low levels of MCP-1 and sICAM-1. Poly I:C treatment of RPE cells resulted in a dose-dependent enhancement of IL-6, IL-8, MCP-1, and sICAM-1. Following poly I:C treatment at 2, 20, or 100 μg/ml, the concentration of IL-6 increased from 40 to 80 ng/ml, IL-8 increased from 9 to 29 ng/ml, MCP-1 increased from 50 to 160 ng/ml, and sICAM-1 increased from 2.5 to 8 ng/ml. In contrast, treatment of RPE cells under similar conditions with poly dI:dC did not enhance the secretion of IL-6, IL-8, MCP-1, and sICAM-1 [(Fig. 5)](#FIG5){ref-type="fig"}.Fig. 5The effects of poly I:C treatment on the production of cytokines by human RPE cells. RPE cell cultures grown to confluence in 24-well plates were washed with SFM and incubated without (control) or with SFM containing various concentrations of poly I:C or poly dI:dC. After 24 h, the culture supernatants were collected and the concentrations of IL-6, IL-8, MCP-1, and sICAM-1 were determined by EIA. Results presented for IL-6 (A), IL-8 (B), MCP-1 (C), and ICAM-1 (D) were obtained from duplicate samples of two representative experiments.

4. Discussion
=============

TLRs are critical elements in the host defense against microbial pathogens [@BIB49]. In this report, we demonstrate for the first time the presence of TLRs on human RPE cells. Real time PCR analysis of TLR gene expression identified TLRs 1--7, 9 and 10 in human RPE cells. Furthermore, human RPE cells highly expressed TLR 3. Protein expression for TLRs 2, 3 and 4 was also observed on RPE cells and this expression was augmented by treatment with poly I:C or IFN-γ. Because TLR 3 is found on a limited number of cells and was highly expressed in RPE cells, we performed studies to analyze signaling through TLR 3. The interaction of poly I:C with RPE cells resulted in the secretion of IFN-β as well as IL-6, IL-8, MCP-1, and sICAM-1. Moreover, we show that IFN-β is highly effective in inhibiting virus replication in RPE cells. Specificity for TLR 3 signaling was demonstrated by the inhibition of poly I:C induction of IFN-β by pretreatment of RPE cells with anti-TLR 3 antibody.

Mucosal cells such as gastrointestinal, airway, and urinary epithelial cells are considered as the front line of defense against pathogenic microorganisms [@BIB46], [@BIB22], [@BIB43], [@BIB50] These cells have developed specific mechanisms for microbial protection that contribute to the innate immune response. Recently, it has been demonstrated that these epithelial cells contain several TLRs and respond to microbes by secreting cytokines and chemokines. For example, a murine intestinal epithelial cell line is highly responsive to LPS and expresses both TLR 4 and CD14. Corneal epithelial cells have been reported to express TLR 4 and CD14, and the LPS treatment of these cells resulted in the secretion of multiple proinflammatory cytokines and chemokines [@BIB47]. Like other epithelial cells, the RPE cell can also be considered as a front line defense against invading organisms. It is strategically located between the neural retina and the blood-rich choroid. The RPE forms a barrier, limiting access to photoreceptors and other neuronal cells within the retina. Earlier studies by our laboratory and others have revealed that RPE cells can be stimulated to produce a variety of cytokines, chemokines, and adhesion molecules [@BIB15], [@BIB16], [@BIB32], [@BIB36]. In this report, we show that RPE cells possess a variety of TLRs and the costimulatory molecules, CD14 and MD2 [@BIB48]. TLR 2 and TLR 4 are the most widely studied members of the TLR family [@BIB26], [@BIB17], [@BIB40]. Both of these TLRs were found on the RPE cell. Thus, RPE cells may defend against infections by sensing microbial invasion through multiple TLRs and the costimulatory molecules, CD14 and MD2.

To date, TLR 3 expression has been limited to a small number of cells types. Earlier studies demonstrate that TLR 3 is constitutively expressed on intestinal epithelial cells, dendritic cells, and mast cells [@BIB10], [@BIB35]. The dendritic cell is a potent antigen-presenting cell that expresses multiple TLRs including TLR 3 [@BIB2], [@BIB25]. Several studies suggest that TLR signaling on dendritic cells amplifies antigen presentation by producing proinflammatory cytokines, up-regulating co-stimulatory molecules, such as CD40, CD80, and CD86, and by increasing migration of cells to the lymph node [@BIB41]. The dendritic cell and the RPE cell share some common features. Both cells express TLR 3 and are APC. The dendritic cell responds to TLR 3 signaling by producing both IFN-α and IFN-β, whereas the RPE cell produces only IFN-β. This difference is probably a reflection of different cellular origins. Presently, dendritic cells are considered to be of bone marrow origin while RPE cells are of neural ectoderm origin. Additional studies are required to determine if the TLRs on the RPE cell also can augment APC functions.

The binding of dsRNA or poly I:C, an analog of dsRNA, to TLR 3 results in the production of type-1 IFNs and other cytokines and chemokines. Specificity for dsRNA interactions with TLR 3 was demonstrated by [@BIB30]. Their studies pointed out that poly I:C-induced IFN-β was suppressed by pretreatment with monoclonal antibody to TLR 3. Additional studies on TLR 3 knockout mice revealed that poly I:C treatment up-regulated the production of type-1 IFNs (IFN-α, IFN-β) in wild-type mice but not in TLR 3 KO mice [@BIB1]. In this report, we demonstrate that the poly I:C treatment of human RPE cells results in the production and release of IFN-β and not IFN-α. Moreover, these RPE cells are highly sensitive to the antiviral actions of human IFN-β. Clearly, dsRNA-mediated signaling in RPE cells can have a protective role in viral infections in the retina. In light of this, numerous in vivo and in vitro studies have identified that RPE cells are one of the principle targets for infectious agents, such as CMV, *T. gondii*, and murine coronaviruses [@BIB5], [@BIB14], [@BIB21], [@BIB37]. It is important to point out that additional TLRs may also participate in selected virus infections and further work is needed to better define this interaction [@BIB4], [@BIB12], [@BIB27].

When an infecting agent enters the retina, it is critically important for the host to have a rapid response system to limit damage to nonregenerating retinal cells. The RPE cells are strategically placed to function as protective cells. Clearly, the innate immune system composed of TLRs is a primary rapid response system to infection. This study demonstrates that the RPE cell expresses TLRs 1--7, 9 and 10 and therefore can initiate signaling pathways that stimulate host defenses. Moreover, these cells respond to TLR stimulation by producing IFN-β,  IL-6, IL-8, MCP-1, and sICAM-1. These cytokines, chemokines, and adhesion molecules together then participate in initiating adaptive immune responses. The demonstration that RPE cells express TLR 3 and release IFN-β represents a hitherto unrecognized biological role for the RPE cell.

[^1]: Real time RT-PCR was performed on an ABI Prism 7700. Standard curves were generated to GAPDH and TLRs 1--10 by ten-fold serial dilutions of RPE and/or U937 total RNA. RNA samples were analyzed in triplicate under similar conditions as those of the standards in the same 96-well plates for 40 cycles. Fluorescence intensities obtained for the samples were used to calculate relative fluorescence units by normalizing to GAPDH fluorescence intensities. Results are expressed as relative fluorescence units for TLRs 1--10 mRNA levels in RPE and U937 cells.

[^2]: Fold difference in RPE cells relative to U937 cells: (+) fold increase in RPE cells; (−) fold decrease in RPE cells.
